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• Background and Aims Defective hybrid seed development in angiosperms might mediate the rapid
establishment of intrinsic post-zygotic isolation between closely related species. Extensive crosses within and 
among three lineages of wild tomatoes (Solanum section Lycopersicon) were performed to address the incidence, 
developmental timing and histological manifestations of hybrid seed failure. These lineages encompass different, 
yet fairly recent, divergence times and both allopatric and partially sympatric pairs.
• Methods Mature seeds were scored visually 2 months after hand pollinations, and viable-looking seeds were
assessed for germination success. Using histological sections from early-developing seeds from a sub-set of 
crosses, the growth of three major seed compartments (endosperm, embryo and seed coat) was measured at critical 
developmental stages up to 21 d after pollination, with a focus on the timing and histological manifestations of 
endosperm misdevelopment in abortive hybrid seeds.
• Key Results For two of three interspecific combinations including the most closely related pair that was also
studied histologically, almost all mature seeds appeared ‘flat’ and proved inviable; histological analyses revealed 
impaired endosperm proliferation at early globular embryo stages, concomitant with embryo arrest and seed 
abortion in both cross directions. The third interspecific combination yielded a mixture of flat, inviable and plump, 
viable seeds; many of the latter germinated and exhibited near-normal juvenile phenotypes or, in some instances, 
hybrid necrosis and impaired growth.
• Conclusions The overall results suggest that near-complete hybrid seed failure can evolve fairly rapidly and
without apparent divergence in reproductive phenology/biology. While the evidence accrued here is largely 
circumstantial, early-acting disruptions of normal endosperm development are most probably the common cause 
of seed failure regardless of the type of endosperm (nuclear or cellular).
Key words: Endosperm, hybrid necrosis, hybrid seed failure, post-zygotic isolation, seed development, Solanum 
peruvianum (wild tomato), Solanum chilense, Solanum arcanum ‘marañón’.
INTRODUCTION
Understanding barriers to reproduction is fundamental for plant 
biologists, contributing to a wide range of fields such as evo-
lutionary biology, developmental biology and plant breeding. 
Hybridization between lineages can be a crossroads in speci-
ation: while natural hybrids can serve as a substrate for nascent 
species or facilitate the exchange of adaptive alleles, hybrid-
ization between species is in most cases prevented by barriers 
that preserve their genetic integrity (Mayr, 1942; Seehausen 
et  al., 2014). As such, the establishment of reproductive iso-
lation between diverging lineages is inherent to the speciation 
process (Dobzhansky, 1937; Coyne and Orr, 2004). However, 
the mechanisms limiting the formation of viable and/or fer-
tile hybrids between closely related plant species are not fully 
understood, as they can be complex and have multiple origins 
(Baack et al., 2015).
Reproductive barriers have been defined according to their 
developmental chronology and origin. Intrinsic post-zygotic 
barriers manifest after successful fertilization and do not rely 
on environmental conditions or other extrinsic factors. In con-
trast to pre-zygotic barriers that operate before fertilization, 
these barriers can hardly be overcome, making the speciation 
process irreversible (Seehausen et al., 2014). The broad defin-
ition of intrinsic post-zygotic barriers encompasses a variety of 
developmental failures; such barriers may appear early in seed 
development, potentially leading to hybrid seed failure (HSF), 
but they can also arise via sterility or inviability of subsequent 
hybrid generations. HSF has been documented in several angio-
sperm families, both in crosses between closely related species 
at the same ploidy level (Cooper and Brink, 1940; Rick and 
Lamm, 1955; Walker, 1955; Rick, 1963; Burkart-Waco et al., 
2015; Rebernig et al., 2015; Oneal et al., 2016) and in inter-
ploidy, nominally intraspecific crosses (Cooper and Brink, 
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1945; Beamish, 1955; Ortiz and Ehlenfeldt, 1992; Dilkes et al., 
2008; Jullien and Berger, 2010; Lu et al., 2012).
In previous efforts to understand how seeds abort, seed mor-
phology and histology were utilized to compare the relative 
growth of the three main seed compartments: the seed coat 
(maternal origin), the endosperm (biparental, triploid) and the 
embryo (biparental, diploid). Typically, some form of endosperm 
misdevelopment was observed and interpreted as the main cause 
of seed abortion. In flowering plants, this tissue co-ordinates 
nutrient and hormone provisioning from maternal tissues to the 
embryo (Olsen, 2007). Current human nutrition is highly depend-
ent on so-called endospermic seeds, where the endosperm stores 
large quantities of carbohydrates, proteins and/or lipids that 
remain available after seed maturity (e.g. starch in wheat, maize 
and rice). This explains why current knowledge on endosperm 
biology is dominated by cereals, together with the model plant 
Arabidopsis thaliana (reviewed in Olsen, 2007). These species 
are united by all having a nuclear endosperm, characterized by 
an initial syncytial phase where the triploid nucleus divides via 
karyokinesis, followed by a later cellular phase where cell walls 
are formed (via cytokinesis) after every nuclear division.
The best-characterized cases of HSF with this type of endosperm 
are in the genus Arabidopsis, where impaired cellularization causes 
seed abortion (Scott et al., 1998; Hehenberger et al., 2012; Wolff 
et al., 2015). However, two other modes of endosperm develop-
ment, cellular and helobial, are known in flowering plants (Lopes 
and Larkins, 1993). In the cellular type, karyo- and cytokinesis 
occur simultaneously from the very first division after fertiliza-
tion. HSF has also been described in taxa with cellular endosperm, 
such as members of the Solanaceae (Cooper and Brink, 1940; 
Rick and Lamm, 1955; Walker, 1955; Rick, 1963, 1986; Lester 
and Kang, 1998; Baek et al., 2016) and more recently in Mimulus 
(Garner et al., 2016; Oneal et al., 2016). The histological mani-
festations of HSF via endosperm failure are necessarily different 
between cellular- and nuclear-type endosperm because the cel-
lular type does not undergo a cellularization phase. Indeed, two 
recent studies in Mimulus (Oneal et al., 2016) and Solanum (Baek 
et al., 2016) reported impaired endosperm proliferation in abortive 
hybrid seeds. Clearly, more observational data are needed to assess 
whether HSF exhibits common, shared features in species that do 
not have nuclear-type endosperm development.
Given their ecological, morphological and genetic diversity, 
wild tomatoes (Solanum section Lycopersicon) have recently 
come to the fore as a model system in evolutionary biology 
(Städler et  al., 2005, 2008; Moyle, 2008; Tellier et  al., 2011; 
Pease et  al., 2016). Some of their crossing relationships have 
long been studied in the context of cultivar improvement, for 
instance to introgress traits of agronomic interest from wild spe-
cies to the domesticated tomato (reviewed by Grandillo et al., 
2011), often necessitating the use of embryo rescue (Segeren 
et al., 1993; Chen and Adachi, 1996). Our study describes and 
quantifies post-zygotic barriers among three lineages of wild 
tomatoes, with dual emphases on quantifying levels/patterns of 
HSF and comparisons of endosperm (and seed) growth in intra- 
and interspecific crosses. Briefly, S.  arcanum ‘marañón’ (Am) 
grows in northern Peru from the Pacific drainages to the western 
and eastern slopes of the Andes (100–2900 m altitude; Peralta 
et al., 2008). Solanum peruvianum (P) is the most polymorphic 
wild tomato species with an elongated north–south distribution 
from central Peru to northern Chile, ranging from sea level to 
3300 m altitude. Finally, S. chilense (C) is native to southern Peru 
and northern Chile (where it is regionally sympatric with P for 
parts of its geographic range) from sea level to 3500 m altitude. 
It was also sampled in the driest place in the world, the Atacama 
desert (Chetelat et al., 2009), and is well known for its resistance 
to diverse kinds of abiotic stress (Nosenko et al., 2016).
The crossing relationships between these three wild tomato 
lineages have been partially described in the last century by 
C. M. Rick’s seminal work (Rick and Lamm, 1955; Rick, 1963, 
1986). He found high proportions of HSF in several cross com-
binations and hypothesized a causal role for the endosperm in 
seed failure, yet without providing quantitative data beyond the 
rates of inviable seed formation in hybrid crosses. The observed 
variability in the incidence of HSF between pairs of species 
appears to make wild tomatoes a promising system to study this 
type of reproductive barrier. We have built on Rick’s early work 
by performing more hybrid crosses with Am in both interspe-
cific combinations than were possible due to limited sampling 
and recognition of Am as a separate evolutionary lineage at the 
time of Rick’s (1986) work. Importantly, we have additionally 
focused on the developmental time course of endosperm and 
embryo growth in compatible and abortive crosses. This part of 
our work found general agreement regarding the developmen-
tal phase of embryo arrest in abortive seeds between taxa with 
nuclear-type and those with cellular-type endosperm, despite 
the somewhat different endosperm pathologies involved.
MATERIALS AND METHODS
Plant material and crosses
We conducted a large crossing experiment to assess intrinsic 
pre- and post-zygotic barriers in our study system, consisting 
of three wild tomato lineages (Peralta et  al., 2008): Solanum 
arcanum Peralta ‘marañón’ (Am), S.  chilense (Dunal) Reiche 
(C) and S.  peruvianum L.  (P). Plants were grown from seeds 
obtained from the Tomato Genetics Resource Center (TGRC, 
University of California, Davis, USA; http://tgrc.ucdavis.edu; 
Supplementary Data Table S1). Individual plant identifiers con-
sist of the TGRC accession number for each population to which 
an additional letter was added to distinguish between different 
plant genotypes within populations, which were grown to maxi-
mize the number of within- and among-species crosses. For our 
study species, the TGRC accessions are almost equivalent to 
samples from naturally outbred populations and can be expected 
to contain dissimilar genotypes (see Baek et al., 2016). All plants 
were maintained in an insect-free greenhouse at the ETH sta-
tion at Lindau-Eschikon (canton Zurich, Switzerland). Plants 
were grown in 5 L pots filled with Ricoter Substrate 214 (Ricoter 
Erdaufbereitung AG, Switzerland) and watered 3–4 times per 
week. Given their fast and continuous growth, the plants were 
trimmed every 2 weeks. In spring and autumn, plants were repot-
ted in fresh soil, and root areas were fertilized with granulates 
(Gartensegen, Hauert HBG SA, Switzerland). Additional ferti-
lizer was applied once or twice per month with Wuxal® NPK 
solution (Aglukon Spezialdünger GmbH & Co. KG, Germany). 
Day and night phases were under controlled temperature and 
humidity conditions (day, 20 °C, 50 % relative humidity; night, 
16 °C, 60 % relative humidity). During daytime, light was main-
tained above 25 kLux with artificial light if needed.
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Pollinations were performed within and between species via 
manual pollen transfer. As all plant source populations in this study 
were described as self-incompatible (http://tgrc.ucdavis.edu/), 
we did not emasculate flowers before the collection and transfer 
of pollen. Hands were washed between each cross to avoid any 
contamination (ethanol 70 %, water); no fruit set was observed 
on non-pollinated inflorescences. A summary of all crosses per-
formed is presented in Table 1 and detailed results for each cross 
can be found in Supplementary Data Table S2. We adopted a spe-
cific nomenclature to distinguish between unidirectional and recip-
rocal crosses. For example, the reciprocal Am–C cross refers to 
both Am × C and C × Am single crosses (mother × father).
Visual seed phenotyping and germination tests
Hybrid seed failure arises after successful double fertilization 
and during seed development; it has the potential to establish an 
early, irreversible intrinsic post-zygotic barrier. To quantify the 
incidence and strength of HSF among the three wild tomato line-
ages, seed viability was first assessed visually for seeds generated 
by crosses within each species and by all interspecific combina-
tions of Am, C and P. Fruits were sampled 2 months after pollina-
tion and dissected on paper sheets. Once seeds were dry, visual 
assessment of seed viability was performed: a seed was considered 
as (potentially) viable if it had a plump aspect with a visible coiled 
embryo. In contrast, inviable seeds were flatter and looked ‘shriv-
elled’. Although seeds considered to be inviable were also often – 
but not necessarily – very small compared with viable seeds, seed 
size per se was not taken into account for seed viability assessment.
Germination may appear as the ultimate confirmation of seed 
viability. However, this validation is partial: germinating seeds 
are necessarily viable, while intrinsic and extrinsic causes can 
inhibit germination of otherwise good seeds. To test and quantify 
germination success, we put mature seeds on autoclaved 1 % agar 
gel added with PPM™ diluted to 0.2 % in sterile water (Plant 
Cell Technology, Inc., USA). Seeds visually scored as viable vs. 
inviable were tested separately; those showing a radicle after a 
maximum duration of 14 d were considered to have germinated.
To describe HSF in more detail, we measured seed size in 
a sub-set of crosses. We selected three intraspecific and three 
reciprocal interspecific crosses involving Am, C and P (referred 
to later as Am1 × C1, C1 × Am1, C1 × P1, P1 × C1, Am1 × 
P1 and P1 × Am1 crosses); accessions and measurements are 
given in Supplementary Data Table S3. Seed size was measured 
for a minimum of 112 seeds per cross. All seeds were scanned 
on the paper used for dissection at 1200 dpi resolution (Epson 
Perfection® 3200 PHOTO).
Seed histology
Fruits were sampled at different stages between 4 and 21 days 
after pollination (DAP), halved, and fixed in a 9:1 ethanol:acetic 
acid solution. We subsequently embedded them either in plastic 
(Technovit® 7100 plastic) or in paraffin (Clark, 1981). Using 
an RM2145 Leica microtome (Leica Microsystems GmbH, 
Wetzlar, Germany), 10 µm thin slices were obtained, mounted 
on glass slides and stained with Toluidine Blue and Ruthenium 
Red (Sigma-Aldrich 198161 and R2751). In a last step, slides 
were covered with Roti®-Histol and sealed with Roti®-Histokit 
(Carl Roth, 6640 and 6638). For P × C crosses, it was not possi-
ble to recover slices of satisfactory quality with fruits harvested 
earlier than 10 DAP. All measurements were performed on indi-
vidual sections of seeds. Through continuous micro-sectioning 
of entire embedded fruits, it was possible to identify the larg-
est sagittal section of each developing seed; the most central 
(largest) section of each seed was thus selected for measure-
ments. Observations were made with ×10 to ×40 objectives on 
an Olympus BX40 microscope (Olympus Corporation, Japan) 
and photographs were taken with a Canon EOS 600D digital 
camera connected to the microscope (Canon, Japan). Adobe© 
Photoshop® CS6 v.13.0 was used to format the images.
Hybrid plant phenotyping
We characterized a sub-set of germinating F1 plants by grow-
ing them in the greenhouse. Plant phenotyping was done on the 
Table 1. Summary of controlled crosses, seed viability and germination success within and between the three wild tomato lineages 
Solanum arcanum ‘marañón’ (Am), S. chilense (C) and S. peruvianum (P)
Cross type No. of individual 
crosses
No. of fruits 
sampled
Mean no. of 
seeds per fruit
Total no. of seeds 
counted
No. of viable 
seeds
Median % viable 
seeds
Median % 
germination of viable 
seeds (success/all)
Intraspecific Am × Am 55 374 44.6 16 675 15 502 94.5 64.1 (14/16)
C × C 54 616 49.7 30 617 18 197 80.1 42.9 (9/9)
P × P 82 987 67.9 67 052 60 016 95.4 90.7 (11/11)
Interspecific Am × C 39 312 34.5 10 778 7 493 68.2 30.0 (5/5)
C × Am 47 636 45.8 29 146 15 244 53.9 58.4 (11/11)
Am × P 31 218 37.9 8 262 37 0 –
P × Am 29 284 51.2 14 551 150 0 13.2 (1/2)
C × P 58 747 59.1 44 132 660 0 9.5 (1/1)
P × C 41 443 51.4 22 756 22 0 –
Cross types are identified as mother × father; individual crosses refer to combinations of two single genotypes in one cross direction.
Each individual cross yielded a single seed viability/germination value (summing results from independent pollination events = fruits); these values were used 
to compute medians for each cross type.
In the last column, the number of crosses with any germination success/the number of crosses tested is given in parentheses; –, not tested.
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progeny of 12 Am and C intra- and interspecific crosses. The start-
ing seed material was obtained from crosses involving two plants 
of each species in a full diallele design (four intraspecific and eight 
hybrid crosses). The C parents were from populations LA4329 
and LA2748, and the Am parents from populations LA1626 and 
LA2185 (Supplementary Data Table S1). Seeds were put on agar 
gel for germination (see above) and seedlings transferred to trays 
and fertilized every week. After 6 weeks, the occurrence of plant 
necrosis was assessed. We re-potted a sub-set of 151 plants in 
5 L pots, including 24 necrotic plants. Plant height was measured 
after an additional 5 weeks on these progeny.
Data analyses
R via the RStudio interface was used for all numerical and 
graphical analyses (https://www.r-project.org/; RStudio Team, 
2015). The following packages were needed: ggplot2, grid, gta-
ble and agricolae. In order to measure total seed area on scans 
and the size of different seed compartments (embryo area, 
endosperm area, nucellus width and seed coat width) on sagittal 
cuts, image analysis was performed manually with ImageJ® ver-
sion 1.48 (Schneider et al., 2012; Supplementary Data Table S4).
RESULTS
Lack of intrinsic pre-zygotic isolation
High fruit and seed set was obtained from our intra- and inter-
specific crosses (Table  1; Supplementary Data Table S2). In 
total, we performed 451 different crosses, sampled 4617 fruits 
and assessed 243 969 seeds. Fifteen crosses did not result in 
fruit set (three intraspecific and 12 hybrid combinations, includ-
ing eight with the same maternal plant; Table S2), probably 
caused by shared S-alleles or weakness of particular maternal 
plants at the time of the cross. On average, 10.4 fruits per cross 
and 51.4 seeds per fruit were obtained in intraspecific crosses 
(191 crosses), while hybrid crosses yielded on average 10.8 
fruits per cross and 45.9 seeds per fruit (245 crosses; Table 1). 
There is an overall pattern of somewhat reduced seed number 
per fruit in hybrid crosses on Am and P maternal plants, but no 
such signal for C maternal plants in hybrid crosses (Table 1). 
Together, these results suggest that intrinsic barriers to fertili-
zation within and between the three lineages are negligible or 
(at most) modest, at least under the imposed non-competitive 
pollination conditions.
Patterns of hybrid seed failure among lineages
Seed viability was generally high in intraspecific crosses, 
with median proportions ranging between 0.806 and 0.954 in 
the cross categories C–C, Am–Am and P–P; the corresponding 
visual assessments of hybrid seeds revealed significantly lower 
proportions of viable seeds [Table  1; Fig.  1; Wilcoxon rank 
sum test (WRST), P < 2.2E-16]. However, we found disparate 
outcomes among different lineage combinations. All recipro-
cal crosses among Am–P and C–P consistently yielded very 
low seed viability, being distributed around a median of 0 % 
(Table  1; Fig.  1). Thus, hybrid seed failure is symmetric for 
reciprocal Am–P and C–P crosses and can be qualified as early 
and near-complete.
In contrast, the reciprocal Am × C and C × Am crosses gave 
rise to substantial proportions of viable seeds, with median val-
ues of 68.2 and 53.9 %, respectively. These proportions were 
significantly lower than the within-species ranges from Am–Am 
and C–C crosses (Fig. 1; WRST, P < 2.9E-07). Moreover, for 
a given combination of Am and C genotypes, seed failure pro-
portions appeared to be strongly influenced by the directional-
ity of the cross (Supplementary Data Table S2). For example, 
we obtained 54.6 % mean seed viability in the LA4329A × 
LA2185B (C × Am) cross (n = 20 fruits) but 96.6 % seed via-
bility in the reciprocal LA2185B × LA4329A cross (n  =  13 
fruits). Overall, Am × C crosses yielded higher proportions of 
viable seeds than C × Am crosses, but these differences were 
only marginally significant (Fig. 1; WRST, P = 0.083). To sum-
marize, hybrid seed failure between C and Am appears to be 
partial and its manifestation variable, whereas the other species 
combinations failed to produce more than a few viable seeds.
Representative examples of viable and inviable seeds are 
shown in Fig. 2. In intraspecific crosses and the hybrid Am × 
C cross, all depicted seeds were scored as viable, with well-
developed coiled embryos visible (Fig. 2A–D). In the C × Am 
cross (Fig. 2E), only the seed shown on the far left appeared to 
be viable while the other four were much flatter with underde-
veloped embryos, typical of inviable seeds. Finally, all seeds 
from the reciprocal crosses between Am–P (Fig.  2F, G) and 
C–P (Fig. 2H, I) appeared to be inviable, reflecting the near-
complete post-zygotic barrier between these taxa.
Assessment of seed germination rates
Germination rates were measured separately for seeds scored 
as viable vs. inviable, respectively. We tested 9190 viable-look-
ing seeds of which 63.9 % germinated (germination in 94 of 101 
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Fig. 1. Box plots representing the distribution of seed viability in controlled 
crosses within and between the three wild tomato lineages Solanum arcanum 
‘marañón’ (Am), S. chilense (C) and S. peruvianum (P). All crosses are identi-
fied as mother × father. White background, intraspecific crosses; grey back-
ground, hybrid crosses. On the top of each cross type, the number of individual 
crosses (combination of two single genotypes) and number of fruits sampled 
(in parentheses) are given.
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crosses). Germination rates of intraspecific seeds ranged from 
42.9 to 90.7 % and were overall higher than those of ‘viable’ 
hybrid seeds (from 9.5 to 58.4 %; Table 1). Substantial propor-
tions of hybrid seeds from Am–C crosses germinated (30.0 and 
58.4 %; Table 1) and appeared to represent viable F1 hybrids 
at this early developmental stage. Some seed germination was 
observed in two of eight selected hybrid crosses involving P, 
but at very low proportions (9.5 and 13.2 %; Table 1). Am × P 
and P × C crosses lacked sufficient numbers of viable-looking 
seeds to assess germination rates. We also evaluated seeds that 
were visually scored as inviable; of the 9073 seeds sown, only 
0.4 % germinated (in 12 of 123 crosses). These results confirm 
that hybrid crosses involving P in both parental roles in com-
bination with Am or C are strongly abortive, leading to near-
complete and symmetric post-zygotic isolation between P and 
Am, and between P and C.
Patterns of seed size variation among cross types
We measured seed size in a total of nine crosses (three 
intraspecific and three reciprocal hybrid crosses). In total, 
A
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H
E
G
I
Fig. 2. Images of mature seeds from selected crosses within and between the three wild tomato lineages Solanum arcanum ‘marañón’ (Am), S. chilense (C) and 
S. peruvianum (P). In all images, blue scale bars represent 2 mm. (A–C) Intraspecific crosses within Am (A, LA2185A × LA1626B), C (B, LA4329B × LA2748B) 
and P (C, LA2744B × LA2964A); all seeds appear viable with plump aspect and coiled embryo. (D–I) Reciprocal hybrid crosses: Am × C (D, LA2185A × 
LA4329B) and C × Am (E, LA4329B × LA2185A), Am × P (F, LA2185A × LA2744B) and P × Am (G, LA2744B × LA2185A), C × P (H, LA4329B × 
LA2744B) and P × C (I, LA2744B × LA4329B). Note the variability in seed size and shape in hybrid crosses; seeds appear viable in (D), partially viable in (E) 
and completely inviable in (F–I). The same crosses were used in seed size measurements (see Fig. 3).
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Fig. 3. Box plots representing the distribution of seed size in selected crosses within and between the three wild tomato lineages Solanum arcanum ‘marañón’ 
(Am), S. chilense (C) and S. peruvianum (P). All crosses are identified as mother × father, and numbers (1, 2) refer to different genotypes. White background, 
intraspecific crosses; grey background, hybrid crosses. Notches represent 95 % confidence intervals of the medians. Comparisons of means were evaluated with 
Tukey’s test (pairwise comparisons with P < 0.05 shown with different letters on top of the boxes); distributions with significantly overlapping means share the 
same letter. Representative images of seeds from the same crosses are shown in Fig. 2.
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1909 seeds were measured, with a range of 112–328 seeds per 
cross. Seed size was significantly different between reciprocal 
hybrid crosses (Fig. 3; Supplementary Data Table S3; Tukey’s 
test). The largest difference between reciprocals was found in 
the C–P cross (Δ = 1.02 mm2, C seeds being larger). Overall, 
seed size was significantly reduced in hybrid seeds compared 
with seeds from intraspecific crosses (Welch-test, P < 1E-16). 
However, the largest seed size was found in the hybrid cross 
Am1 × C1 (round mean ± s.d., 2.31 ± 0.26 mm2, n = 112 seeds), 
significantly larger than seed size in the intraspecific cross with 
the same mother (Am1 × Am2, 1.95 ± 0.19 mm2, n = 204 seeds, 
Tukey’s test). Importantly, both hybrid crosses with the P1 
mother uniformly produced extremely small seeds of overlap-
ping size with very low size variability (P1 × Am1, 0.32 ± 0.09 
mm2, n = 221 seeds; P1 × C1, 0.37 ± 0.13 mm2, n = 328 seeds). 
This corresponds to a homogeneous phenotype of early seed 
abortion. The Am1 × P1 cross yielded a similar seed phenotype 
but with larger variation in seed size (0.67 ± 0.28 mm2, n = 114 
seeds). In contrast, hybrid seeds of the C1 mother were larger 
and of more variable size (C1 × Am1, 0.96 ± 0.57 mm2, n = 308 
seeds; C1 × P1, 1.38 ± 0.63 mm2, n = 273 seeds). However, 
these hybrid seeds were smaller than those from the maternal 
cross C1 × C2 (Fig. 3; Tukey’s test).
Quantification of seed developmental trajectories
We assessed histological sections of different stages in seeds 
from intra- and interspecific crosses involving Am, C and P 
(Fig. 4). Normal seed development was exemplified by a C × 
C cross at early-globular, late-globular and torpedo stages, cor-
responding to 13, 16 and 21 DAP (Fig. 4A). In C × P and P 
× C hybrid crosses, endosperm abnormalities were visible at 
early stages (Fig. 4B, C). C × P endosperms featured large and 
vacuolated cells (Fig.  4B, left); cells from the suspensor and 
adjacent endosperm cells appeared to be collapsed (Fig. 4B, left 
and centre). At 21 DAP, embryos visibly started to degener-
ate (Fig. 4B, right). In P × C seeds, endosperm cells appeared 
small and dense, and the general aspect of both endosperm and 
embryo remained at the early-globular stage between 10 and 21 
DAP, despite overall seed growth (Fig. 4C).
Examples of normal and abnormal seed development in 
Am–C reciprocal crosses are presented in Fig. 4D. Developing 
seeds from a C × Am cross at 16 DAP should correspond to 
the late-globular stage (Fig. 4D, left). However, we observed 
pro-embryos with abnormal development, as shown by their 
asymmetric cellular organization (Fig. 4D, left). In the depicted 
(and typical) single Am × C cross, we observed both success-
fully developing and abortive seeds. In one case, the embryo 
was clearly round and connected to a well-developed suspensor 
at 18 DAP, matching the late-globular stage (Fig. 4D, centre). 
Other seeds showed degenerating embryos and small, optically 
dense endosperm cells at 21 DAP (Fig. 4D, right), similar to 
observations in the P × C cross at this late stage. The strongly 
diverging phenotypes of Am–C developing seeds matched our 
observations on mature Am–C seeds (Table 1; Figs 1 and 2).
Next, we detail seed compartment measurements to evaluate 
developmental trajectories between 4 and 21 DAP in strongly 
abortive crosses (Fig.  5; Supplementary Data Table S4). In 
particular, we compared the reciprocal C–P hybrids with their 
parental crosses P × P and C × C. Importantly, for these data, C 
× P and P × C crosses were performed among the same parents 
and were thus true reciprocals. Observations were made on 450 
seed sagittal cuts with a range of 11–40 cuts per cross category 
and temporal stage (Supplementary Data Table S4).
In intraspecific crosses, endosperm and maternal compart-
ments (seed coat and nucellus) were steadily growing between 
4 and 16 DAP (Fig. 5B, C). Growth of the C × C endosperm 
was exponential and its approximate area rose from 0.018 to 
0.16 mm2 over 12 d. For both C × C and P × P, this growth was 
particularly rapid between 13 and 16 DAP for endosperm and 
seed coat: endosperm areas tripled while seed coat widths dou-
bled, which was reflected in overall seed size (Supplementary 
Data Table S4). This critical phase corresponds to the globular 
stage where embryos expand from pro-embryos to heart-shape 
embryos. These measurements show that C × C and P × P, 
despite their different mature seed size (P × P seeds generally 
smaller than C × C seeds; Fig. 2), display synchronized devel-
opment with very similar phenotypic features at 16 DAP, cor-
responding to the late-globular stage.
After 16 DAP, endosperm and maternal compartments exhib-
ited reduced growth rate in P × P and shrank markedly in C × 
C (Fig. 5B, C), while embryo area tripled in both C × C and P 
× P seeds from 16 to 21 DAP (Fig. 5A). Embryos expanded at 
similar rates in both intraspecific crosses to reach the heart-to-
torpedo stage, increasingly contributing to total seed size while 
‘consuming’ the endosperm. This is expected given that mature 
tomato seeds contain very little residual endosperm and consist 
mainly of the seed coat surrounding the autonomous embryo. 
C × C embryos were larger than P × P embryos during seed 
development, consistent with seed size differences observed 
for mature seeds (Supplementary Data Table S4). Despite these 
quantitative differences, our measurements indicate that C × 
C and P × P seeds undergo parallel developmental sequences, 
both reaching the heart-to-torpedo stage at 21 DAP. In contrast, 
this timeline is strongly compromised in abortive hybrid seeds 
obtained from reciprocal C–P crosses.
Although C × C and C × P endosperms reached approxi-
mately the same size at 13 DAP (0.048  mm2), the latter did 
not grow appreciably until 16 DAP, whereas in C × C seeds, 
endosperm area tripled between 13 and 16 DAP (Fig.  5B). 
Between 16 and 21 DAP, C × P endosperm area enlarged by 
64 % and embryos grew slowly, whereas C × C endosperms 
lost >50 % of their area while embryo size increased markedly. 
In the P × C hybrid cross, endosperm area shrank by 28 % 
between 10 and 16 DAP while it enlarged 9-fold in the P × P 
seeds. Between 16 and 21 DAP, both endosperm and embryos 
hardly expanded in P × C seeds.
Moreover, while embryos and endosperm exhibited reduced 
size in both hybrid classes compared with the corresponding 
intraspecific data, maternal tissues kept expanding after 16 
DAP (Fig. 5). We observed an overgrowth of maternal layers 
in C × P compared with C × C seeds at 21 DAP. In P × C 
seeds, the seed coat remained the thinnest among all crosses 
but grew further after 16 DAP when it was expected to stabi-
lize, based on our P × P observations. Jointly, these features 
suggest that the maternal layers of seeds can also be affected in 
their development by the hybrid state. To summarize, embryos 
were visible at 13 DAP in both C × P and P × C hybrid seeds; 
their growth, however, was markedly reduced in comparison 
6
htt
p:/
/do
c.r
ero
.ch
with intraspecific crosses. Hybrid embryos did not reach the 
late-globular stage; they either remained at the early-globular 
stage or else degenerated (Figs 4B, C and 5). Hybrid endosperm 
suffered aberrant development in C × P and P × C as shown by 
slight shrinkage between 13 and 16 DAP followed by halting 
growth until 21 DAP.
Intrinsic post-zygotic isolation in later stages of Am–C F1 hybrids
We have shown that reciprocal crosses between Am and C 
produce significant proportions of viable seeds, of which sub-
stantial numbers germinated (Table 1; Fig. 1). We thus conclude 
that early-acting intrinsic post-zygotic barriers are relatively 
weak between Am and C, at least in comparison with the two 
other species combinations tested here. To assess whether later 
intrinsic post-zygotic barriers exist, we compared plant growth 
after germination in intra- and interspecific progeny. During 
early growth, 44 of 531 seedlings exhibited leaf and/or stem 
necrosis (Supplementary Data Fig. S1). These necrotic plants 
were exclusively hybrids (C1  × Am1, 34 plants; Am1  × C1, 
two plants; C2 × Am2, eight plants). We planted a sub-set of 
127 non-necrotic and 24 necrotic plants 6 weeks after germina-
tion. Five weeks after re-potting, non-necrotic plants were 9.5–
91 cm tall, with large differences between reciprocals in both 
intra- and interspecific crosses (Fig.  6; Supplementary Data 
Table S5). The largest difference was between Am1–C1 recip-
rocals, where median heights differed by 31 cm (n = 3, n = 9). 
Some of these hybrids exhibited transgressive phenotypes com-
pared with their parental F1s, as shown by hybrid weakness 
A
B
C
D
SC
NU
EN
EM
Fig. 4. Histological sections of wild tomato developing seeds at different stages. EN, endosperm; EM, embryo; NU, nucellus; SC, seed coat. Black arrows point 
toward the embryo, and black bars represent 100 µm (magnification ×10 to ×40). (A) Normal seed development in a C × C cross (LA2750A × LA4329B): left, 
early-globular stage (13 DAP); centre, late-globular stage (16 DAP); right, torpedo stage (21 DAP). (B) Abnormal development in C × P hybrid seeds (LA2750A 
× LA1616A; left to right: 13, 16 and 21 DAP). (C) Abnormal development in P × C hybrid seeds [LA1616A × LA2750A left (10 DAP) and centre (16 DAP), 
LA0153A × LA2750A right (21 DAP)]. (D) Selected images from Am–C crosses: left, abnormal seed in C × Am (LA2750A × LA2185A) at 16 DAP; centre, 
normal Am × C seed at 18 DAP; right, abnormal Am × C seed at 21 DAP (both LA2185A × LA2750A).
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in Am1 × C1 and hybrid vigour in C1 × Am1; however, other 
parental combinations did not generate taller F1 hybrid progeny 
(Fig. 6). When merging observations on individual crosses into 
cross categories by species combinations, plant height differed 
significantly between Am × Am (n = 20) and C × C (n = 21; 
WRST, P = 0.03). Overall, C × Am hybrid progeny (n = 51) 
did not differ in height compared with C × C progeny (WRST, 
P = 0.901); however, Am × C hybrids (n = 34) were signifi-
cantly smaller than Am × Am seedlings (WRST, P = 1.5E-4).
We kept 24 necrotic plants for several months of observation; 
three of them died and four were considered to have recovered, 
of which one flowered. The remaining 17 necrotic plants had 
a median height of 8 cm at 3 months. Unlike the vast majority 
of non-necrotic plants, they neither flowered nor recovered a 
normal size. Thus, hybrid necrosis appears to contribute to late 
post-zygotic isolation between Am and C.
DISCUSSION
Hybrid seed failure establishes strong reproductive barriers
Wild tomato species share yellow petals and anthers, a buzz 
pollination system, weak or absent floral scent and simultane-
ous flowering and fruit set; limited field observations suggest 
solitary bees as the main pollinators, with insufficient data to 
evaluate their degree of species specificity (Rick, 1950; Chetelat 
et  al., 2009). Despite overlapping geographic ranges of sev-
eral tomato species, no hybrid populations or individuals were 
reported based on field work spanning several decades (Taylor, 
1986; Moyle, 2008; Baek et al., 2016). In our extensive cross-
ing experiments, all species were found to be intercompatible, 
with high proportions of fruit and seed set in each cross combi-
nation. This suggests that extrinsic and/or intrinsic post-zygotic 
barriers may be crucial for species isolation. In particular, our 
study provides compelling evidence that post-zygotic barriers 
via HSF are common between three wild tomato lineages.
Visual assessment of large numbers of intraspecific and 
hybrid seeds revealed three categories of HSF: negligible, inter-
mediate (‘weak’) and near-complete (‘strong’). Intraspecific 
crosses were characterized by generally high seed viability, 
with some exceptions, particularly in S.  chilense. This latter 
finding could be related to the substantial sub-structure in this 
lineage, consisting of at least four genetic clusters reflecting 
range expansion and regional adaptation (Böndel et al., 2015). 
Although there were also several within-cluster C crosses yield-
ing high proportions of inviable seeds, overall group compari-
sons revealed significantly lower proportions of viable seeds for 
among-cluster crosses (mean = 0.563, n = 31 crosses) than for 
within-cluster crosses (mean = 0.730, n = 23 crosses; WRST, 
P < 0.005; Supplementary Data Table S2).
Importantly, near-complete seed inviability was observed in 
all reciprocal hybrid crosses, with the exception of the Am–C 
crosses. At seed maturity, all failing hybrid seeds were small 
compared with those from intraspecific crosses and had a flat 
and empty aspect, suggesting improper endosperm develop-
ment and eventual embryo arrest. Given that mature tomato 
seeds contain only a thin layer of endosperm (Baek et al., 2016), 
it is inherently difficult to evaluate the role of the endosperm in 
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Fig. 5. Measurements of seed compartment size over time (in DAP) in crosses 
within and between Solanum chilense (C) and S. peruvianum (P). For each data 
point, confidence intervals are represented by vertical bars. (A) Embryo devel-
opment. (B) Endosperm development. (C) Seed coat (dotted line) and nucellus 
(dashed line) development. Details on the accessions/plants used are provided 
in Supplementary Data Table S4.
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hybrids with C mothers (see text).
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HSF by observing mature seeds. However, final seed size is 
generally expected to reflect earlier endosperm growth (Sabelli 
and Larkins, 2009). Of note, individual Am–C crosses yielded 
diverse proportions of viable seeds, and fairly high proportions 
of these did germinate in the majority of the crosses we tested. 
Based on 86 interspecific crosses using individuals from six Am 
and ten C accessions, our results are in agreement with earlier, 
much more limited observations (Rick, 1986) and suggest that 
they are typical of Am–C interspecific crosses. It is noteworthy 
that the geographic ranges as well as morphological features of 
Am and C represent opposite ends for the suite of lineages stud-
ied here (Rick, 1986; Peralta et al., 2008), while Am is equidis-
tant to both P and C in terms of divergence time (Pease et al., 
2016).
Histological analyses of perturbed hybrid seed development
To identify potential defects leading to seed abortion, we 
characterized the dynamics of early seed development using 
histological analyses. Not unexpectedly, this revealed strong 
differences in endosperm development between intraspecific 
and hybrid seeds. While the manifestation of endosperm failure 
in nuclear endosperm – typical for monocots and some dicots 
such as members of the Brassicaceae – is the result of impaired 
cellularization timing (Hehenberger et al., 2012; Rebernig 
et al., 2015), we inferred a different scenario in our study sys-
tem. Solanum species are characterized by a cellular endosperm, 
i.e. cell divisions begin right after fertilization without any prior 
syncytial phase. Our observations in wild tomatoes confirm that 
endosperm cells are present in early-developing seeds regard-
less of whether these end up as viable or inviable at seed matu-
rity. However, endosperm proliferation and details of typical cell 
size and optical density are demonstrably affected in strongly 
abortive crosses, at least from the early-globular stage onwards. 
This developmental stage has also been found to be crucial for 
seed abortion in other Solanum crosses (Lester and Kang, 1998; 
Baek et al., 2016), as well as in Arabidopsis (Bushell et al., 
2003) and Mimulus (Oneal et al., 2016). Our finding that mater-
nal seed compartments also exhibit disrupted development in 
hybrid crosses (in particular, relative overgrowth of the nucellus 
and seed coat in C × P hybrid seeds; Fig. 5) is consistent with 
the notion that the developing endosperm closely interacts with 
maternal tissues, mediated by hormonal and/or signalling path-
ways (Haughn and Chaudhury, 2005; Xu et al., 2016).
Successful embryo rescue at 13 DAP has recently been used 
to demonstrate the causative role of the endosperm in abor-
tive Capsella hybrid seeds (Rebernig et al., 2015). We did not 
attempt embryo rescue in our study, primarily because earlier 
work using the cultivated tomato as pistillate parent and either 
C or P as staminate parents (like C–P, these crosses are char-
acterized by strong HSF) have yielded fairly low success rates 
(Rick and Lamm, 1955; Segeren et al., 1993; Chen and Adachi, 
1996). While the successfully excised embryos strongly impli-
cate impaired endosperm function in the usual failure of these 
crosses, the many unsuccessful attempts imply that the overall 
evidence is still circumstantial. However, previous observations 
on HSF in Solanum and other angiosperm genera have been 
interpreted as primarily reflecting endosperm defects (Haig 
and Westoby, 1991; Lester and Kang, 1998). To summarize, 
despite the fact that nuclear- and cellular-type endosperms 
exhibit different developmental abnormalities in abortive seeds, 
endosperm disruption appears to affect seed development 
at largely equivalent stages. At such an early developmental 
stage, embryo development strongly relies on nutrient provi-
sioning via the endosperm. If the latter is not fully functional, 
the embryo will most probably starve and abort, as inferred for 
many of the mature seeds we assessed.
The failing endosperm: evolutionary significance and potential 
mechanisms
From an evolutionary perspective, parental conflict is expected 
to occur in the developing seed with variable strength, depend-
ing on the prevailing mating system. Transgressive and com-
plementary phenotypes between reciprocal crosses can reveal 
different levels of parental conflict between lineages (Haig and 
Westoby, 1991). In our study, hybrid phenotypes often deviated 
from intraspecific phenotypes during seed development, at seed 
maturity and during F1 seedling growth (Figs 2–6). In particu-
lar, our tested C × P and P × C combinations revealed different 
endosperm growth trajectories; C × P endosperm continued to 
grow until 21 DAP and was only somewhat smaller than C × 
C endosperm at that time point, but P × C endosperm showed 
no growth after 10 DAP and thus remained much smaller than 
P × P endosperm (Figs 4 and 5). Although our study system 
consisted of strictly outcrossing (self-incompatible) lineages, 
divergent endosperm/seed size between reciprocal crosses 
may result not only from major differences in mating system 
but more generally from different levels of parental conflict; 
this has recently been shown empirically with interpopulation 
crosses among outcrossing populations of Arabidopsis lyrata 
(Willi, 2013). Under the ‘Weak Inbreeder Strong Outcrosser’ 
(WISO) hypothesis (Brandvain and Haig, 2005), our observa-
tions may imply that the C plant, as pollen parent, was ‘weaker’ 
in terms of extracting maternal resources than the P plant, 
yielding smaller (transient) endosperms in the P × C than in the 
C × P cross. Generalizing from our initial findings, however, 
will require additional comparative data on reciprocal mature 
seed size and/or seed developmental trajectories.
Despite the relevance of HSF (probably via endosperm 
malfunction) in plant biology and speciation, its underlying 
mechanisms and level of conservation among taxa have not 
yet been satisfactorily elucidated (Lafon-Placette and Köhler, 
2016). Decades of experimental work have evaluated the role 
of parental dosage in endosperm development; early work on 
interploidy crosses explored the possible phenotypic outcomes 
of parental imbalance (Beamish, 1955; Lin, 1984). The con-
cept of endosperm balance number (EBN) came to be used as a 
predictive tool for successful seed development in interspecific 
and interploidy crosses among wild potatoes (Johnston et al., 
1980). The EBN of a given lineage corresponds to its ‘effective’ 
endosperm ploidy, and only crosses among the same EBN were 
predicted to be viable. Our combined interspecific endosperm 
and seed failure phenotypes may thus reflect a higher EBN for 
P compared with both C and Am. Yet, the EBN conceptualizes a 
central role for parental dosage in interspecific crosses but does 
not entirely explain all empirical patterns of endosperm failure 
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(Katsiotis et  al., 1995; Masuelli and Camadro, 1997; Lafon-
Placette et al., 2017).
Clearly, other levels of complexity, such as the determinants 
of gene expression, should be taken into account in attempts to 
explain HSF functionally. Special attention should be drawn to 
the potential involvement of perturbed genomic imprinting (Haig 
and Westoby, 1991; Gutierrez-Marcos et  al., 2003; Josefsson 
et  al., 2006; Walia et  al., 2009; Jullien and Berger, 2010; 
Kradolfer et  al., 2013; Burkart-Waco et  al., 2015; Kirkbride 
et al., 2015; Wolff et al., 2015), de-repressed transposable ele-
ments (Castillo and Moyle, 2012; Fultz et al., 2015) and cellular 
processes mediated by small interfering RNAs (Bourc’his and 
Voinnet, 2010; Lu et al., 2012; Ng et al., 2012). All these factors 
might interact in the endosperm to determine the success or fail-
ure of particular cross combinations. Our recent study addressed 
some of these issues in C–P hybrid crosses, using transcriptome 
data obtained from laser-microdissected endosperm (Florez-
Rueda et  al., 2016). Abnormal endosperm development was 
characterized by a perturbation of paternally imprinted genes 
together with a genome-wide increase in maternal expression 
proportions in the P × C hybrid endosperm. It is tempting to 
interpret the more deviant endosperm development (and result-
ing smaller seed size in this cross direction; Figs 2, 4 and 5) as a 
consequence of greater perturbation of ‘normal’ expression pro-
portions and/or misexpression of crucial, normally paternally 
expressed genes. Florez-Rueda et  al. (2016) spearheaded the 
exploration of molecular correlates of HSF in plant species with 
cellular endosperm, and more detailed insights will probably be 
facilitated by current technological improvements in transcrip-
tomics (Todd et al., 2016) and epigenomics (Zhang et al., 2014; 
Wang et al., 2015).
Partial escape from HSF and hybrid survival in Am–C crosses
Significant proportions of hybrid seeds from Am–C crosses 
escaped HSF and were able to germinate. We thus qualified the 
barrier caused by HSF between Am and C as ‘weak’ while recog-
nizing that individual seeds meet with one of two quite distinct 
fates. Moreover, reproductive isolation can manifest after suc-
cessful seed maturation by other mechanisms of hybrid failure. 
Therefore, we assessed intrinsic post-zygotic barriers that may 
arise during later phases of plant development in Am–C hybrids. 
In fact, F1 hybrid seedling performance was impaired by both 
hybrid necrosis and slower growth rate. Hybrid necrosis has 
been repeatedly observed in crosses between plant populations 
or distinct species, and has been interpreted as a manifestation of 
genetic incompatibilities resulting in autoimmune responses in 
hybrid progeny (reviewed in Bomblies and Weigel, 2007).
In summary, we obtained large numbers of healthy-looking 
F1 hybrid plants in reciprocal crosses between Am and C. Hybrid 
necrosis appears to contribute to ‘late’ post-zygotic isolation 
between Am and C, but occurred in only three of eight inter-
specific crosses, affecting 29–52 % of the F1 plants assessed 
in each of the three crosses. Necrotic phenotypes might be a 
manifestation of incompatibilities mediated by rapid evolu-
tion of pathogen response genes concurrent with species diver-
gence (Bomblies and Weigel, 2007, and references therein). 
Regardless, we consider the apparent intrinsic post-zygotic 
barriers between Am and C at the vegetative post-germination 
stage to be rather modest, compared with those that manifest as 
reduced proportions of viable seeds.
Implications for modes of tomato speciation
Wild tomato divergence is recent and resulted in a rapid radia-
tion across a wide range of ecological conditions from Ecuador 
to Chile and from low to high altitude (Moyle, 2008; Tellier 
et al., 2011; Nosenko et al., 2016). Ecological data suggest that 
speciation in wild tomatoes was mainly driven by divergent 
environmental variables such as temperature and precipitation 
regimes (Nakazato et al., 2010). On the other hand, the role of 
geographic isolation seems rather complex, and neither allopat-
ric nor sympatric speciation appears to have been predominant 
across the history of the clade (Nakazato et al., 2010), estimated 
to have diverged from a common ancestor about 2.5 million 
years ago (Pease et al., 2016). Extensive crossing experiments 
revealed the diversity of mechanisms leading to pre- and post-
zygotic barriers between many regionally sympatric pairs of 
wild tomato species; however, only one or a few crosses per 
species pair were tested (Baek et al., 2016).
In our largely complementary study that concentrated on 
fewer taxa but employed many interspecific crosses using 
range-wide sampling, P and C represent the only species pair 
occurring in regional sympatry. These taxa may have diverged 
as recently as 0.55 million years ago (Städler et  al., 2008), 
and there is population-genetic evidence for post-divergence 
gene flow, possibly following a period of initial allopatric 
divergence (Städler et  al., 2005, 2008). These lineages, like 
all other self-incompatible wild tomatoes, show no obvious 
signs of divergence in reproductive biology, sharing conspicu-
ous yellow corollas with continuous flowering and fruit set, 
buzz pollination and overlapping pollen size (Chetelat et  al., 
2009). Consequently, past selection for enhanced reproduc-
tive isolation between C and P via reinforcement at the post-
zygotic level may be plausible; such a scenario is feasible under 
conspicuous maternal investment, mixed pollinations and the 
potential for seed compensation (Coyne, 1974; Coyne and Orr, 
2004). Moreover, the near-complete post-zygotic barrier we 
have documented regardless of current sympatry or allopatry of 
the crossed P and C accessions is consistent with post-specia-
tion range expansion (Böndel et al., 2015). In contrast, the fact 
that the purely allopatric (and phylogenetically more distant; 
Pease et al., 2016) Am–C crosses typically yielded intermedi-
ate proportions of viable seeds may represent a case of gradual 
loss of ancestral compatibility, similar to several other wild 
tomato species retaining the ability to yield viable F1 progeny 
(as pollen donors) with the cultivated tomato (Grandillo et al., 
2011). Interestingly, Am and P have evolved a very strong HSF 
phenotype similar to that between C and P, even though the 
former are fully allopatric and unlikely to have been in contact 
recently. Future molecular analyses may reveal whether similar 
genetic signals underlie this common seed failure phenotype.
Conclusions
Scientific interest in endosperm misdevelopment as a driver 
of potentially rapid establishment of reproductive isolation 
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between nascent lineages has risen sharply, yet there is a pau-
city of studies attempting to bridge developmental and evolu-
tionary biology. Our crossing experiments provide compelling 
evidence that hybrid seed failure is almost universal between 
two of the three studied pairs of lineages, while the third pair 
yields mixtures of inviable and viable hybrid seeds; the latter 
were shown to germinate at intermediate rates and show only 
weak signs of post-germination developmental problems. The 
high frequency of hybrid seed failure (even observed in among-
population crosses within the nominal species S.  chilense) 
implies that almost complete reproductive isolation can evolve 
fairly rapidly but is not an invariable outcome. In terms of tim-
ing and tissue malfunctions in early seed development, we 
identified endosperm proliferation defects at the early globular 
embryo stage as a plausible, circumstantially supported cause 
of seed abortion. Our observations highlight fundamental simi-
larities in hybrid endosperm malfunction across developmental 
types, nuclear- and cellular-type endosperm.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: identity 
and geographic origin of TGRC accessions, and their utilization 
in our experiments. Table S2: complete data on seed viability 
per visual assessment in Solanum crosses. Table S3: individual 
seed size measurements via seed scanning in Solanum crosses. 
Table S4: measurements of seed compartment size in Solanum 
crosses, based on histological images. Table S5: plant height 
in hybrid and intraspecific F1 progeny 11 weeks after germina-
tion. Figure S1: representative examples of F1 seedlings from 
crosses within and between Solanum arcanum ‘marañón’ (Am) 
and S. chilense (C).
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